INTRODUCTION
Slimhole drilling technology, as low cost alternative for exploration wells, can play an important role when addressing issues related to reservoir assessment for geothermal energy exploration in new areas. Beside the advantage of lower cost, slimhole technology reduces the environmental impact of field exploration and resource assessment. Wells with diameter less than 6 inches (152.4 mm) are defined as slimholes and they are less costly than normal production-size holes due to reduced cost of crew, rigs, cementing, drilling fluids, casing and tubing. This technology can be easily applied in remote areas, where helicopter-portable rigs can be used. Most of the technologies used in geothermal industry are adopted form Oil and Gas industry with some modifications.
However, geothermal reservoir conditions are much different from oil and gas reservoirs, where steam/water at high temperature has to be produced in large quantities and thus large casing diameters and open hole sections are required for large scale utilization [1] . Wells with smaller in diameter can, however, be used for exploration drilling to confirm the resource. Slimhole technology is adopted from already established techniques from deep-water wells, mineral exploration and geotechnical investigations [2] . Slim wells can be utilized not only in high-temperature reservoirs. In Poland, three exploratory slim wells of 4 inch (101.6 mm) diameter are being investigated for geothermal reservoir assessment in Podkarpackie Voivodeship in southeastern Poland. These wells are planned to exploit geothermal waters of temperature from 70 to 80°C from depths of around 2000 m.
RESERVOIR CONDITIONS IN HIGH-TEMPERATURE WELLS
High-temperature drilling in Iceland has shown that bottom hole pressures and temperatures often follow the Boiling Point Depth (BPD) curve, assuming that water is boiling at any depth in the water filled well [3] , as shown in Figure 1 . Saturation conditions are compared to the measured temperature and pressure (TP) values in a well that is heating-up after drilling. The figure indicates that the measured pressure and temperature follow saturation pressure and temperature for most of the well depths, approximately from 600 to 1700 m. Cooling near the bottom of the well is caused by cold water pumping from the time of stimulating after drilling, as the well is still heating-up. Boiling point values were calculated using "steam tables" from the X-steam program, Excel add-in. Temperature profiles during drilling operations or while shut-in are quite different from temperatures while heating-up after drilling [4] . Also, as shown in Figure 2 , temperatures of various Icelandic geothermal wells are in agreement with the BPD curve, with some even exceeding boiling point (supercritical conditions -scope of Iceland Deep Drilling Project) [1] . The methodology used and the results obtained in this study are presented in the following sections: Section 3 presents the methodology used for the case study, i.e. casing design for a 2000 m deep vertical well with water level at 200 m, where the New Zealand Code of Practice has been applied. In section 4 results of calculations are presented and discussed for the casing design (section 4.1), casing loads (section 4.2), casing joints (section 4.3), API casing selection (section 4.4), wellhead selection (section 4.5) and finally conclusions in section 5.
METHODOLOGY
The most common geothermal exploration and assessment process involves drilling large diameter hole with production-size well and exercising lengthy flow tests right after drilling operations [1] . This method is very expensive and puts severe impact on surrounding environment. Drilling production-size holes can also put a large expense during first stages of the project and if well turns out to be non-productive or low in temperature, it can lead to long periods of debt for an investor [2] . In other words, very expensive geothermal wells are drilled with no reservoir knowledge and very high financial risk. Figure 3 represents three geothermal wells different in diameter: 12 ¼ inch in blue, 8 ½ inch in red and 6 inch in green. It can be noted that slimhole (green) wells have overwhelmingly lower demand on casing tonnage (60% lower than large-size holes) and cement amount (69% lower than large-size holes) and are much smaller in volume (74% lower than large-size holes) which equals to lower amounts of drilling fluid. These criteria amount to much lower costs of drilling wells with 6-inch diameter or less. As for Sandia National Laboratories report on slimhole drilling, intermediate cost of drilling slim wells is around 60% of the large well's overall costs to equivalent depth [2] , where some other sources assume even 25 to 35% [5] . On this account, investor can drill three to four slim wells for the cost of one large-size well for better geothermal reservoir evaluation.
Fig. 3.
Comparison of material usage for large size (12 ¼ inch) holes (blue columns), regular size (8 ½ inch) holes (red columns) and wells with 6 inch diameter (green columns) (data provided by Sverrir Thorhallsson) Slim wells can be utilized to measure geothermal gradient and pursue flow testing in not yet assessed area. In reservoirs with low-permeability, size of the hole has no significant impact on total flow. However in high-permeability reservoirs, there might be some restrictions and higher friction losses, limiting total flow. A large number of researches made in Japan and USA confirm that flow testing in slim wells turned out to be equally informative as these in large size wells. Thus, data produced from slimholes can provide good prediction of reservoir productivity [2] .
Two different methods of drilling slim wells are described in following paper, coring and rotary drilling (conventional) method. Wireline coring is a common method, sourced from the mineral exploration industry, designed for wells deeper than 300 m. It provides high quality core samples that can be used further for evaluation of reservoir conditions. Because of smaller hole diameter (from 2 to 6 inches) with corresponding core diameter (from 1 to 4 inches) and significantly smaller rigs, it can be easily applied for slim wells. Following method is performed by drilling an interval of 1 to 6 meters (depending on the length of core barrel) and retrieving the drill string each time with breaking the core just behind the bit. Next, wireline is run down to the core sample and it is retrieved with its inner tube. Top drive with hydraulic motor or chuck is used to turn the drill string. Due to very fine cutting production during coring and smaller hole volume, wireline coring can be carried out without drilling fluid returns ("blind" drilling) [2, 6, 7] . The core barrel used for drilling can be then left as a casing string, lowering the cost of casing. Conventional rotary drilling method comprises of drill string with tri-cone bit, drill pipes and Bottom Hole Assembly (BHA) with drill collars, crossovers, subs, jars and stabilizers. The drill string is rotated by either rotary table or top drive which applies torque to the string and allows it to travel downward [2] . This method uses low rotary speed and high weight on bit to crush rock formations and produce cuttings, which are only rock samples available to evaluate geothermal reservoir. As for Sandia report on slimholes, it is more favorable to use coring method, which involves less crew, smaller drill sites, less mud pumps and produces straighter hole. The ability of drilling "blind" can be also beneficial, as there is no need for mud logging and drilling mud recycling and thus lower environmental impact. "Blind" drilling can be also exercised through loss circulation zones. Main disadvantages of coring method is longer drilling time, especially in sedimentary formations and low availability of rigs able to drill below 1500 m of depth. The most favorable method in not yet assessed reservoirs, advised by authors is combination of coring and rotary method. It is very attractive for areas with softer formations at the beginning of drilling and relatively harder formation onwards. In summary, geological characteristic of chosen area should be thoroughly evaluated to select the best drilling method for slim wells. Following case study has general approach on slimhole drilling, thus both drilling methods were investigated.
RESULTS AND DISCUSSION

Casing design
Proper casing design is vital for safety and success of the drilling process as well as future integrity of the well. Casing design includes selecting casing diameter, weight of casing (thickness), steel grade and the casing joints which are analyzed for the case study and presented in the subsequent sections.
The well design includes deciding on the number of casing strings and the corresponding selection of the bit and the casing diameters and also the determination of the setting casing shoe depths. Typical casing programs for high-temperature wells include conductor casing, surface casing, anchor casing (intermediate casing), production casing and optional slotted or perforated liner in the open hole section. All casing strings should be cemented up to the surface, with the exception of liner which can be left uncemented in open hole. For this case study, casing strings were designed starting from the bottom of the well, proceeding to the top of the well. The boiling curves presented on Figure 4 were used as design criteria for the reservoir conditions [8] [9] [10] . -preventing a hole collapse caused by loose formation material, -anchorage security and support of drilling operations, -containing well fluids and withstand pressures imposed on casing, -preventing contamination of fresh underground water, -countering circulation losses during drilling, -protecting the well from corrosion, erosion and fracturing.
Setting casing depths
When drilling a high-temperature geothermal well in a new area, without any adjacent wells or geological data, providing TP information as function of depth, a responsible assumption needs to be made. To cover the requirements of the "worst case scenario", the BPD conditions should be assumed. To determine the BPD curve for the case study and make borehole simulations for static (shut-in) and dynamic conditions (flowing), the X-steam program has been used [8] .
The new NZS 2015 code determines the minimum depth of the casing strings based on the pore pressure and fracture gradient, which may be difficult to assess for a new area. Therefore, for flowing conditions the well is assumed to be steam filled using the pressure of the bottom of each section of the well as steam presure.
The NZS 1991 code approach is used for the case study as the criteria for pressure vs. depth for the water and overburden pressure are straight forward. As described in the NZS 1991, wellhead pressure in high-temperature wells is the saturation pressure of steam at the bottom hole (point with the highest temperature), subtracted by the weight of saturated steam, up to the surface. While the formation conditions for fracture pressure are not known, the overburden pressure is used as the limit for the steam column pressure to which casing might be exposed. The overburden pressure is determined by assuming an average specific gravity of formation (with density varied from 2300 to 2600 kg/m 3 ) [6, 9] . Relation between saturation pressure and temperature, as well as the NZS 1991 technique of setting casing depth is presented in Figure 5 . The NZS 1991 method resulted with two casing strings with a minimum depth of the production casing of 560 m and the anchor casing of 150 m. According to the information presented in reference [6] and [11] , an alternative method is used in Iceland to determine the minimum casing depth to assess whether the well can be killed by heavy mud (with density of 1400 kg/m 3 ). The pressure profile for flowing well was applied assuming that inflow at the bottom hole is immediately converted to two-phase flow. The casing shoe depth is determined by intersecting the two-phase flowing well pressure with heavy drilling mud pressure as presented in Figure 6. Following the Icelandic method presented above two casing strings were selected: production at depth of 610 m and anchor at 170 m. Second Icelandic method of setting minimum casing depth ( Fig. 7 ) is assuming the actual case for bottom hole temperature and pressure. To find casing shoe depth, two-phase density profile should not overcome the pressure of a cold water column. It is highly desirable that the well casing depth will allow the well to be killed by cold water only, even if there is an on-going "underground blow-out" in progress. Such a situation can occur, when there is a permeable zone just below the casing shoe. The well flows from bottom into this zone and simultaneously the cold water, which is provided to quench the well, flows down the casing to the same zone [6, 11] . Three casing strings were selected using second Icelandic method, namely production casing at depth of 940 m, anchor at 430 m and surface at 150 m.
Fig. 7.
Icelandic method for determining the minimum casing depth by assuming a likely temperature at the bottom of the well and quenching with cold water
As it is rather unlikely that the bottom hole temperature at 2000 m depth reaches 333°C, a more probable case was also considered using a bottom hole temperature of 280°C. As presented on Figure 8 the fluid turns into two-phase about half way up inside the flowing well. Following this method for 280°C as a bottom hole temperature, the results for production casing should have a minimum depth of 420 m and anchor casing at minimum depth of 140 m [6] .
Fig. 8.
Icelandic method for determining the minimum casing depth for high-temperature wells by assuming a BPD temperature at the bottom of the well and quenching with cold water
Comparing results of setting minimum casing depth with the first two methods, it can be assumed that they lead to roughly similar results. Using the second Icelandic method with BPD temperature as bottom hole temperature and cold water as killing fluid, casing program is supposed to be set around 300 m deeper with additional casing string implemented. The same Icelandic method with assumption of likely temperature of 280°C (Enthalpy of 1237 kJ/kg) at bottom hole, results in casing depth similar to the NZS 1991.
After comparison of all methods and results presented above, the final casing setting depth for this case study was set as follows: mandatory conductor casing at 30 m (pre-installed before the rig assembly), anchor casing at 200 m, production casing at 650 m and slotted liner to the depth of 2000 m hanged on liner hanger with 20 m overlapping. Actual casing setting depths are, however, usually based on minimum temperature (e.g. 210°C for high-temperature wells) at the production casing shoe and may be considerably deeper than the minimum criteria, which would require reassessing of the minimum casing depths for the anchor and surface casing.
Casing diameter
The inside diameter of production casing should ensure that down hole equipment such as liner or logging tools can easily run through the well [2] . Most of available measuring tools with diameter of either 35 or 42-44 mm would fit all reasonable sized holes, except some more advanced tools, such as micro-scanner or borehole televiewer with diameter above 70 mm. In this study, the selection of casing pipe diameters and bit sizes for each string is based on API Specification 5CT, 5 th edition (Fig. 9) . To fulfill the safety requirements of cementing, casing inside diameter should not be less than 2 inches (50.8 mm) larger than the outside diameter of joint attached to the next casing string. Drift diameter (used for determining the outside diameter of Bottom Hole Assembly tools) should not be larger than the outside diameter of any tools or equipment run through the casing [6, 8] .
Fig. 9.
Casing and bit program in accordance to API with selection for the case study (evaluated casing and bit program in following paper is marked in red) [12] Steel grade and corrosion protection
Low alloy API K-55 (weldable) or L-80 (not weldable) steel type are the most preferable choice for high-temperature wells, as they minimize the possibility of failure caused by hydrogen embrittlement or sulphide stress corrosion [6, 8] . Tensile requirements for steel grade K-55 are presented in Table 1 [12, 13] . Table 1 Tensile requirements for K-55 casing [14] Looking at previous research [12] corrosion of the liner is expected to be more critical than the rest of the casing. To prevent corrosion of liner, which might originate from shallower casing, different methods can be applied [8] :
-adding inhibitors to circulating fluid, -implementing larger casing diameter, -application of corrosive resistance coverage onto the casing surface, -different liner material choice, for instance glass fiber.
Casing loads
Various types of loads occur in the well during running, testing, cementing and production. These loads occur in axial (compressive and tensile) or radial direction (burst and collapse). For high-temperature wells, the most crucial loads are those caused by internal pressure and thermal expansion. Corrosion allowance needs to be taken into consideration while designing casing. Calculations presented in following sections are based on New Zealand Standard 1991 and recent update from 2015, as well as API standards. Cement density of 1900 kg/m 3 was applied for high-temperature geothermal wells [3] . Calculations for burst and collapse for the slotted liner were not included, as it is exposed only to axial self-weight compression (if standing on the bottom) or tension (if hanging with liner hanger) and helical buckling [3, 8] .
Collapse pressure
The casing design must ensure that differential pressure between outside and inside the casing, during running or cementing operations, will not exceed the casing collapse resistance. For running the casing, the inside pressure is set to zero, as the casing is assumed to be empty for the design purposes. However, in practice, casing is periodically filled up with water while being run in the hole and then the collapse differential pressure becomes smaller [8, 9, 13] .
Collapse pressure during cementing occurs when the annulus is filled with cement slurry and the casing is filled with water. Pressure at surface is assumed to be zero and the maximum collapse pressure at casing shoe is calculated. In this case study, additional 10 bars were added to the resulting collapse pressure for potential pressure loss due to friction while pumping the cement through the annulus. Safety factor of 1.2 was applied [8, 9] .
casing external collapse pressure Design factor net external pressure =
where: P C cem -collapse pressure during cementing, bar, P C run -collapse pressure during running-in with casing, bar, P p -pumping pressure, bar, 
Burst pressure
Burst pressure, or internal yield is the difference between internal and external well pressure. Designing for burst must ensure that pressure inside the well will not exceed internal yield strength limit of casing. While designing for burst during production, pressure inside the well is assumed to be column of steam pressure, whereas annulus pressure is the formation pressure (BPD). Calculations were made for surface and casing shoe of each casing. External burst at surface is assumed to be zero. Safety factor of 1.8 and temperature reduction factor of 0.86 (Tab. 2) was applied.
Table 2
Results for burst and collapse calculations applied on anchor and production casing selected from section Setting casing depths, p. 470, using Excel worksheet Together with collapse pressure, burst pressure dictates the choice of primary casing wall thickness [8] . Results for collapse and burst pressure are presented in Table 2. ( ) Combination effects of axial and circumferential tension, while wellhead is fixed to the production casing are calculated using the equation below. Safety factor of 1.5 was applied [8] .
( )
steel yield strength Design factor maximum tensile strength =
where: P w -maximum wellhead pressure, bar, d -pipe inside diameter, m, D -pipe outside diameter, m.
Axial Loading before and during cementing
Total tensile load (hookload), while running in and during cementing, applied on the casing (except conductor casing) are weight of casing in the air plus the weight of the casing content, less the buoyant effect resulting from fluids displaced by the casing [8] .
The following different cases were investigated: drilling mud inside the casing and in annulus (m/m), cement inside the casing and drilling mud in annulus (c/m), cement inside the casing and in annulus (c/c) and water inside the casing and cement in annulus (w/c). Typical cementing method was considered, i.e. pumping slurry cement down through the casing and up to the annulus. This method is better suited for smaller in diameter casing programs. For large in diameter high-temperature wells, inner-string method is more commonly used [1] . Safety factor of 1.8 was applied for the calculated w/c hookload. Calculations were made using equations from the NZS 2015 and results are presented in Figures 10 and 11. csg csg air wt csg con fluid
where: F csg air wt -weight of casing in the air, N, F csg con -weight of internal content of casing, N, Minimum total tensile loading before and during cementing should be lower than pipe body yield strength of K-55 steel grade. For production and anchor casing, maximum hookload applied before and during cementing with safety factor will not exceed the pipe body yield strength [8] . As presented in Figures 10 and 11 , the highest tension loads are applied on casing during cementing, when cement is inside the casing and drilling mud is in the annulus. The minimum tensile force applied on the casing is when entire volume of cement is displaced into the annulus (w/c). Such conditions were selected for calculation of the collapse resistance.
Axial loading after cementing
When designing casing for geothermal well with boiling conditions, it is crucial to consider the temperature effects to allow for the changes in casing steel properties. Thus safety factors from Table 3 should be applied [3] . For design purposes temperature through the pipe is assumed to be constant. Results from calculations are presented in Table 4 . Axial loading after cementing operations with tensile loads derated for temperature effects
After that cement sets, casing is exposed to axial loads due to temperature rise. The compressive force after cementing operations, when casing is constrained longitudinal and lateral is calculated using the coefficient of thermal expansion and temperature difference, as presented below. It is difficult to assume one specific temperature, as the temperature varies throughout the casing sting. For design purposes the temperature of 60°C was applied for anchor casing and 80°C for production casing. Modulus of elasticity was selected from Table 3 for boiling conditions, coefficient of linear thermal expansion was assumed to be 12·10 -6 /°C. Design factor of 1.2 was applied [8] .
where: F c -change in axial force within casing body due to heating, N, F p -axial force within casing body at cement set, N, F r -resultant axial force within casing body, combining the force at cement set and subsequent thermal forces, N, a -coefficient of thermal expansion, °C -1 , Tension loads due to circulation of cooled fluid from the surface during drilling or testing operations is calculated using following equations. Minimum temperature of 25°C was chosen for anchor casing and 55°C for production casing after cooling of the well [8] .
minimum tensile strength of joint Design Factor resultant compressive force =
where: F t -change in axial force within casing body due to cooling, N, T 3 -minimum temperature after cooling, °C.
The axial loading (Tab. 4), enforced on top section of casing anchoring and the wellhead (in this case production casing) against the fluid (steam) inside the well is calculated using the follows equation. Safety factor of 1.5 was applied [8] . 
Initial temperature rise in the well results in increase of the compressive loads in the cemented casings, which might decrease with time. On the other hand, tensile loads due to cooling might increase after installation of the casing strings [8] .
Critical collapse strength for Oilfield Tubular Goods
Critical collapse resistance of K-55 steel grade casing was calculated using API equations from API Bulletin 5C3, 1989 . Following formulas conclude minimum acceptable collapse values, which are determinated by geometrical deviations of casing and yield strength of the casing material. Theoretical calculation formals are presented in Table 5 , whereas results in Table 6 . 
Previous equations are based on zero axial stress, however in normal working conditions that is never the case. Considering axial loading (Figs 10 and 11 ) and temperature effects (Tab. 4), new derated yield strength is calculated as follows:
where: Y p -yield strength of casing, MPa, Y pa -reduced yield strength of casing by temperature effects and axial stress, MPa, S a -axial stress, N, t -pipe wall thickness, m.
Table 5
Formulas for calculating critical collapse resistance in accordance to API Bulletin 5C3 Table 6 Results for critical collapse strength and minimum burst resistance in accordance to API Bulletin 5C3 
Minimum burst resistance in accordance to API
To calculate minimum burst resistance of the casing, Barlow's equation was used [15] .
Same as collapse resistance, yield strength of the material should also be derated with temperature coefficient of 0.8 (Tab. 4) and axial loading. Results for minimum burst resistance are shown in Table 6 . Thickness of both casing strings was increased in order to withstand the burst pressure load.
Casing joints
The most common type of casing joints in geothermal industry are API Buttress Standard thread connections (API BTC), with proven strength both in compression and tension. These "trapezoid-shaped" threads are easily accessible and have lower amount of threads per inch [8, 14, 16] .
The highest tensile loads on joints are occurring while running the casing. Thus calculations were made with casing strings filled with pure water inside and outside of the pipe (Figs 12 and 13 ). To meet safety requirements, design factor of 1.8 was applied. Calculated tension loads are minor and are far from exceeding the tensile strength of the join (232·10 3 daN for production casing and for anchor casing 411·10 3 daN) [14] . 
Casing selection
Based on the results of the design calculations made in section 3, two examples of casing set were selected according to API standards (Tab. 7) and Diamond Core Drilling Manufacturers Association (DCDMA) coring standards (Tab. 8). Schematic drawing of both casing programs is presented in Figure 14 . Table 7 Casing strings selected according to API standards for conventional, rotary drilling method 
Wellhead
The permanent wellhead for high-temperature wells consists of a Casing Head Flange (CHF) which is typically attached to anchor casing, optional expansion spool (which gives production casing room for thermal expansion), master and side valves.
Design basis for a wellhead should consider the maximum possible pressure and temperature exposure at surface. For estimating temperature and pressure, steam column pressure from bottom hole to the surface is considered, where pressure drop is caused only by the weight of steam column. Thus reservoir and wellheads temperatures are never equal, but similar. Top of the casings as well as wellhead should be protected from corrosive environments of atmosphere and fluids within the well [8, 10, 17] .
Calculated wellhead pressure and temperature using X-steam amounts to 126 bars and 329°C, considering only the steam density as a function of pressure. Flange ANSI 1500 was selected in accordance with ASME B16.5 and ASTM A-105 specifications.
Casing Head Flange can be attached to the top of production casing (no expansion spool) or to the anchor casing (with expansion spool) as shown on Figure 15 [6]. and casing joint should be of API Standard Buttpress.
6. While estimating the wellhead's temperature and pressure, isenthalpic steam column from bottom hole to the surface should considered, where pressure drop is caused only by vapour density. Permanent wellhead can be installed either on the top of the anchor or the production casing.
7. During drilling for geothermal resources, one can encounter high-temperature formations containing corrosive fluids. As slotted liner is the deepest casing string and it is installed in the open hole, it can experience severe corrosion, which can radiate to shallower casing. Thus, revision of the slotted liner material (e.g. fiber glass) should be considered in the future casing designs for slimhole wells. Table A Wellhead pressure estimation 
APPENDIX
